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PCRAbstract A new marker for rapid and early identification and detection of Phytophthora infestans,
the causal agent of late blight of potato and tomato has been developed using PCR. Amplification
products obtained from random amplified monomorphic DNA (RAPD) reactions were cloned and
sequenced, and two extended primer sets (PITH2-F/PITH2-R) were designed from the resulting
data that were used to detect sequenced-characterized DNA markers. A single 1.5 kb DNA ampli-
fication product was consistently obtained from primer OPA 12 that was specific for P. infestans but
was not produced from other Phytophthora species and fungal pathogen of potato. A 524 bp ampli-
fication product was also produced from naturally infected tubers known to be infected with the
fungus as verified by microscopic examination. A similar PCR product was obtained from sterile
soil samples artificially infested with P. infestans inoculums. This primer is a highly specific to P.
infestans only. This PCR based assay enables detection of P. infestans from host tissues, sporangia
and Oospores present in the soil in a single day.
 2015 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The most devastating pathogen on potato (Solanum
tuberosum L.) is Phytophthora infestans, the oomycete that
causes late blight and was responsible for the Irish potato
famine in the 1840s (Govers and Latijnhouwers, 2004).
Potato is one of the most important crops, due to its role
in food supply for humans and for animals worldwide,
especially in India and other neighboring countries where
potatoes are consumed as vegetable and other local fastns using
2 T. Hussain et al.foods such as Samosa, Aaloo Tikko, Aaloo Chat, Aaloo
Pranthas which are most popular in even in villages and
towns. The potato tubers have high nutritional value, caused
by high content of carbohydrates, proteins, lipids and vita-
mins, good taste and high digestibility (Potato World,
2012). The energy value of potato is one-third of the bread,
half the eggs and meat, being two times higher than carrots
and three times higher than cabbage or tomatoes. In animal
feeding potato is a very valuable fodder, particularly in
feeding pigs, cows or poultry, used as fresh and cooked or
scalded and silage, or boiled, mixed with bran or cornmeal
(Erika, 2011). For a healthy potato seed production, it
should be diseases free. That is why for an efficient potato
late blight control is crucial for the identification of potato
infection with P. infestans in due time, before the appear-
ance of the symptoms. That could be done by PCR and a
highly specific marker for P. infestans only.
Phytophthora species are responsible for economically
important disease of a wide range of agronomic and ornamen-
tal crops. Species identification is based primarily on the shape
of the sporangia and the morphological features of the sexual
structures. Other criteria widely used to distinguish species are
growth temperature, growth rate, morphological (Growth)
characteristics in culture, and mating behaviour. Due to
intraspecific variation and overlapping characters, accurate
identification of isolates is often difficult, even for specialists.
Moreover, some species (e.g., Phytophthora megasperma, Phy-
tophthora cryptogea) probably consist of species complexes
rather than single taxa (Bonants et al., 2000). Detection of
P. infestans with molecular and PCR techniques has been used
successfully by other (Trout et al., 1997, Judelson and Tooley,
1997, Hussain et al., 2005) designed for internal Transcribed
spacer regions of rDNA but cross-react with P. capsisci, P.
cactorum, P. katsurae, and P. ilicis. To improve efficiency
and accuracy of the diagnostic methods used to distinguish dif-
ferent Phytophthora species, serological methods (Forster
et al., 1989; Nygaard et al., 1989; Oudemans and Coffey,
1991b) and a range of molecular techniques (Panabieres
et al., 1989; Liew et al., 1991; Lee and Taylor, 1992;
Whisson et al., 1992; Tyler et al., 1995) have been developed.
Among these techniques PCR based diagnostics have in recent
years assumed a dominant role and for some species of Phy-
tophthora PCR based tests have been developed (Lee et al.,
1993; Dobrowolski, 1998; Bonants et al., 1997; Loucourt
et al., 1996; Ristanio et al., 1998; Meng et al., 1991; Cooke
et al., 2000b; Drenth et al., 2001). However, for many Phytoph-
thora species, P. infestans included, a lack of specificity of the
primers proposed in the literature is also reported. The ITS
sequences in Phytophthora species may not be the best source
for development of species-specific PCR primers, because
interspecific differences in this part of the sequence are too
small (Cooke et al., 1996, 2000b). However, Cooke et al.
(1996) suggest that the use of RAPD-derived fragments could
be a valid alternative, just when it was found that attempts to
over-come the problems of specificity, caused by small differ-
ences in the ITS regions, did not give satisfactory results.
Sequence Characterized Amplified Regions (SCAR) can be
selected from Random Amplified Polymorphic DNA (RAPD)
fingerprints and used to mark specific alleles (Paran and
Michelmore, 1993) or generate species specific PCR marker.
The aims of our study were first to generate SCAR from
RAPDs for P. infestans, in order to find marker that couldPlease cite this article in press as: Hussain, T. et al., Development of specific marker fo
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primer that exhibits a high specificity, that enables the specific
detection of P. infestans inoculum in farmers’ field level also.
2. Materials and methods
2.1. DNA extraction
Fungal strains were grown on Pea Broth in Erlenmeyer flasks
(200 ml per flasks) at 18 C for 12 days. Before the extraction
of the DNA, the mycelium was frozen at 20 C and ground
to a fine powder in liquid nitrogen with a mortar pestle. Total
cellular DNA was prepared from the powdered mycelia. DNA
has been extracted by using QIAGEN Plant DNAesy Mini Kit
(Germany) according to the manufactured protocol. All DNA
preparations were adjusted to 50 ng/ul using a Nanodrop 2000
Spectrophotometer (Thermofisher) with UV absorbance at
260 nm. DNA was also extracted from other Phytophthora
species (P. capsici, P. cactorum, P. colocasiae and P. palmivora)
and other fungal pathogens including Fusarium sp. and
Rhizoctoni solani AG-3 and was placed in 20 C until use.
For the detection of P. infestans in infected plant material,
gDNA was also extracted from both healthy and artificially
infected tissues, as reported above.
2.2. Screening for RAPD markers and detection of SCAR
DNA from both A1 and A2 strains of P. infestans, other Phy-
tophthora species and fungal pathogen of potato (Table 1) was
screened for RAPD markers generated by random decamer
primers and amplified by PCR in 25 ll reactions. Polymerase
chain reaction (PCR) amplification of the DNA was per-
formed with each of the ten decamer primers obtained from
Operon Technologies, California, USA. Each 25 ll of PCR
mixture in 2.5 ll of Taq Buffer with 2 mM MgCl2, 2.5 ll of
dNTPs, 2 ll of 10 picomol of Primer, 0.2 U/ll of Taq DNA
Polymerase (Fermentas, Germany), 1 ll of 50 ng/ll genomic
DNA and 16.8 ll of sterile water for volume makeup. Ampli-
fication was performed in Eppendorf Mastercycler (Germany).
DNA thermal cycler programmed for the following parame-
ters: 94 C for 1 min, followed by 40 cycles of denaturation
at 94 C for 5 min, annealing at 34 C for 1 min, and extension
at 72 C for 1 min and final extension at 72 C for 10 min.
Amplification products were separated by electrophoresis at
90 V for 3 h on Ethidium bromide-stained (0.5 lg/ml), 1.5%
Agarose (Bangalore Genei, Bangalore) gels run in 1 TBE
buffer and visualized under UV light. The experiment was con-
ducted thrice. Amplicons were selected amplified from both A1
and A2 strains of P. infestans but not from other Phytophthora
species and fungal pathogen of potato, screened were excised
from Agarose gels. DNA was purified from the gel using Gel
Extraction kit (Qiagen Kit) and cloned into vector using 5
Prime kit according to manufactured protocol. Plasmid
DNA was purified from Escherichia coli using Plasmid DNA
extraction kit (Qiagen kit), and clones containing the PCR
products were identified by digestion with EcoR1 and visual-
ized by 1% Agarose gel electrophoresis. The DNA products
were sequenced using the dideoxy-chain termination method,
and extended primers were subsequently designed based on
the terminal sequences of the cloned markers for conversion
of the selected RAPD primers to a SCAR maker.r PCR diagnostic of late blight of potato caused by Phytophthora infestans using
nces (2015), http://dx.doi.org/10.1016/j.jssas.2015.10.001
Table 1 List of fungi used to screen the PCR (primers) for
amplification specific to P. infestans.
Isolate Host Source
P. colocasiae Taro IISR, Calicut
P. cactorum Apple, Strawberry IISR, Calicut
P. palmivora Coconut IISR, Calicut
P. capsici Black Pepper IISR, Calicut
Fusarium spp. Potato CPRIC, Modipuram
Rhizoctonia solani
AG-3
Potato CPRIC, Modipuram
Development of specific marker 3The RAPD band specific for P. infestans was directly eluted
from the agarose gel using an Agarose gel DNA Extraction Kit
(Qiagen, Germany) and the purified DNA was ligated into a
plasmid pGEM-T Vector System (Promega Corp., Madison,
WI, USA) according to the manufacturer’s recommendations.
The plasmids were used to transform E. coli strain JM 109
competent cells (Promega Corp., Madison, WI, USA) and
the recombinant colonies were identified by blue-white color
selection after 24 h of growth at 37 C on LB agar medium
(SRL, Pvt. Ltd.) containing Kanamycin, IPTG (isopropyl b-
D-1-thiogalactopyranoside) and X-Gal (5-Bromo-4-chloro-3-
indolyl b-D-galactopyranoside) following the manufacturer’s
instructions. Plasmids were purified from LB/Kanamycin liq-
uid cultures of the selected colonies using a High Pure Plasmid
Isolation Kit (Qiagen, Germany); the manufacturer’s recom-
mendations were also followed for this operation. The DNA
sequence was obtained for double-stranded DNA by the di-
deoxy terminator method and samples were prepared using
the Taq Dye Terminator Cycle Sequencing Kit (Applied
Biosystems, Foster City, CA, USA). The sequencing reactions
were run on an ABI automatic sequencer.
2.3. Design and screening of SCAR marker and optimization of
PCR conditions
DNA from some monomorphic bands was purified, using
Gene elute Agarose Spin Columns Based on the DNA
sequence derived from the RAPD marker, following the guide-
lines using NCBI/BLAST, Primer3plus designing software,
and eight primers (PITH1, PITH2, PITH3, PITH4, PITH5,M             1             2         3            4
1.5k
Figure 1 Agarose gel electrophoresis of RAPD OPA-12 primer. Iso
4 = P. colocosiae, 5 = P. cactorum, 6 = P. palmivora, 7 = P. capsisci
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the selected RAPD primer to SCAR marker. Specificity of
the PCR for P. infestans using the eight PINTH primers was
tested on other Phytophthora species and fungal pathogen of
potato. The PCR conditions were optimized for annealing
temperature, number of amplification cycles and DNA dilu-
tions; the final DNA (50 ng) extracted from pure mycelium
cultures and tissues samples was used in 25 ul PCR containing
2.5 ll of 10 DreamTaq buffer with 1.5 mM MgCl2, 2.5 ll of
2 Mm dNTPs (Fermentas), 2 ll of 10 pmol of each P. infes-
tans-specific oligonucleotide primer (Imperial life Science,
Gurgaon, India), 0.2 U/ll of Taq DNA polymerase (Fermen-
tas), and 14.8ul of double distilled water for volume makeup.
The primers were synthesized by Imperial Life Sciences,
USA. Thermocycling parameter was optimized and a final pro-
file was employed that consisted of a single cycle of 2 min at
94 C; 30 cycles of 1 min at 94 C, 1 min at 60 C and 1 min
at 72 C; and a final extension for 10 min at 72 C, finally at
the end at 4 C.
3. Results
RAPD amplification products, separated in Agarose gel, show
a significant variability concerning the polymorphism degree in
relation with the primer used and then compared accessions.
Thus primer OPA-12 only showed the desired amplicons with
P. infestans only (Fig. 1). Ten RAPD decamer primers ran-
domly selected were evaluated in our study. Only primer
OPA-12 selectively amplified conserved DNA fragments from
both A1 and A2 strains of P. infestans. PCR products from
OPA-12 primer that produced RAPD markers were selected
as a candidate for SCAR primer development. This primer
produced and amplified PCR product of approximately
1.5 kb specific to both the strains of P. infestans (Fig. 1). This
1.5 kb fragments were not amplified from DNA of other
Phytophthora spp. and other potato fungal pathogen.
Sequence data obtained from the cloned 1.5 kb amplification
products were used to design the SCAR primers used in all
subsequent experiments and were designated PINTH2-F
(50GGGGGTCTTACTTGGCGGCG 30) and PINTH2-R
(30CAAACCGGTCGCCAACTCGC 50) respectively and
sequence was submitted in NCBI database with accession
no. KF110980.         5          6            7           8        9
lates lanes 1 and 2 = P. infestans (A1 & A2 strain), 3 = blank,
, 8 = Fusarium sp., and 9 = R. solani.
r PCR diagnostic of late blight of potato caused by Phytophthora infestans using
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4 T. Hussain et al.3.1. Nucleotide sequence of RAPD marker and SCAR primers
design
Among the ten 10-mer RAPD primers tested, one showed
amplifications. The best results were obtained using OPA-12
that gave a distinct RAPD marker for only P. infestans isolates
at approximately 1.5 kb (Fig. 1). Cloning and sequencing in
both directions of this band gave the only 721 nucleotide
sequence, (KF110980). The primers had a GC content ranging
from 43% to 50% and a melting temperature (Tm) ranging
from 58 to 60 C.
3.2. SCAR marker detection and analysis
The SCAR primer pair PITH2-F/PITH2-R amplified a single
product of 524 bp from each of the isolate of P. infestans in
all the experiments (Fig. 2) but not from other Phytophthora
species (Fig. 3). This suggests that PITH2-F/PITH2-R is
highly specific to P. infestans. This was repeated thrice with
all the isolates of different locations.
3.3. Detection of P. infestans from host tissues
Tuber of Potato which was artificially infected with P. infes-
tans was also evaluated by SCAR primer. The primer success-
fully amplified a single PCR product from all the Host tissues
infected with P. infestans that comigrated with the amplifica-
tion product in the positive control. The PCRs did not produce
products from the healthy tissue (Fig. 4). This was repeated
thrice to confirm the specificity of primer.
3.4. Detection of P. infestans from soil samples
SCAR primer PINTH2-F/PINTH2-R amplified DNA prod-
ucts of expected size from artificially infested P. infestans  M       1       2       3       4       5       6      7
500bp
1000bp 
100bp 
Figure 2 Agarose gel containing PCR amplified products from PIT
region, 11–12 = U.K. region, N = negative control, and M= 100 bp
      M           1          2          3        
524b
Figure 3 PCR amplification with PINTH2-F/PINTH2-R primer with
and 2 = P. infestans (A1 and A2 strain), 3 = P. palmivora, 4 = P. ca
8 = R.solani.
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ml) soil samples (10 g) by following as reported by Hussain
et al. (2005). In addition, SCAR marker produced 524 bp pro-
duct from field soil samples collected from natural conditions.
No amplification products were amplified from autoclaved
sterile soil (Fig. 6).4. Discussion
P. infestans is a very devastating and a difficult pathogen to
detect rapidly using standard methods of isolation and cultur-
ing infected tissue on Rye A agar media, primarily due to long
growth periods necessary for production of fungal structure
and 4–5 days are typically required before characteristic myce-
lium structures are produced on Rye B agar media. We
designed SCAR primers that can detect the presence of P.
infestans in infected tubers or artificially/naturally infested soil
samples in a single day. The SCAR marker PITH2-F/PITH2-
R produced a single diagnostic DNA amplification product
consisting of 524 bp from all the P. infestans isolates collected
from different geographic regions of India. The SCAR primer
pair did not amplify this DNA product from the other Phy-
tophthora spp. and other potato fungal pathogens. This is
the first report on the development of RAPD based SCAR
marker on P. infestans.
SCAR marker PITH2-F/PITH2-R amplified a single DNA
product of 524 bp from P. infestans gDNA only. It is possible
that this SCAR can be used for diagnostic purposes in quaran-
tine management and in potato seed certification. The primers
were not exhaustively tested on all available species of Phy-
tophthora as such an evaluation was beyond the scope of this
research. We found it interesting that the OPA-12 RAPD pri-
mer produced 1.5 kb amplification product only in P. infes-
tans. However, the design of PITH2-F/PITH2-R SCAR was
consistently produced from all isolates of P. infestans.     8        9     10     11     12    N 
~524bp 
H2-F/PITH2-R primer. Lanes 1–5 = Shimla region, 6–10 = U.P
DNA marker.
 4          5        6          7        8          9  
Phytophthora spp. And other fungal pathogen of potato. Lanes 1
ctorum, 5 = P. colocasiae, 6 = P. capsisci, 7 = Fusarium sp., and
r PCR diagnostic of late blight of potato caused by Phytophthora infestans using
nces (2015), http://dx.doi.org/10.1016/j.jssas.2015.10.001
~524bp 
1000bp 
500bp 
100bp 
Figure 4 Validation of PITNH2-F/PITNH2-R SCAR marker, detection from artificially infested host tissue. Lane 1 = artificially
infested inside tuber, 2 = upper skin, and 3–6 = suspected potato samples. H = healthy tissue, P = positive control, N = negative
control, and M= 100 bp DNA marker.
Development of specific marker 5Although the entire 1.5 kb region was not sequenced in this
study, it is surmised that an insufficient number of nucleotide
bases in RAPD primer OPA-12 were present to result in ampli-
fication of the 1.5 kb product in the P. infestans only.
The PITH2-F/PITH2-R SCAR marker produced a single
amplification product from the DNA isolated from artificially
infested tubers that were sampled from the laboratory. Isola-
tion and identification of the fungal pathogen in experiments
using Rye B agar media corroborated the results using SCAR.
In some experiments (data not shown) P. infestans was not
recovered on Rye B agar media from symptomatic area even
though the PCR primers generated a 524 bp SCAR from the
infected tissue. This suggests that the SCAR primer pairs
provide the advantage of greater sensitivity over standard
isolation techniques.
There is currently no efficient method available for rapid
detection of P. infestans from soil, nor has a selective medium
been developed for this pathogen except Rye A agar media.
The SCAR PITH2-F/PITH2-R primer detected P. infestans
in soil samples known to be infested with the pathogen based
on isolation of the pathogen from infested tubers. Sufficient
DNA of the pathogen was available in 10 g of soil samples that
the 524 bp product was routinely obtained. In several experi-M            1            2               3        
1000bp 
500bp 
100bp 
Figure 5 Determination of sensitivity of PINTH2-F/PINTH2-R prim
1 = 10 ng, 2 = 1 ng, 3 = 1000 pg, 4 = 100 pg, 5 = 50 pg, 6 = 10 pg,
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before the SCAR product could be visualized adequately on
Agarose gels. Inhibitors of the PCR may have been present
in the samples after DNA extraction, or the final DNA suspen-
sion may have been so highly concentrated as to interfere with
the reaction. The detection system described in this study
offers a rapid and accurate method for unambiguous identifi-
cation of P. infestans in infected tubers or in infested soil.
The method is highly sensitive and can detect DNA of the
pathogen at concentrations of 10 pg (Fig. 5). Furthermore,
the construction of the PCR primers based on the SCAR mar-
ker, as proposed in this paper, was the best alternative possi-
ble, since, as already reported, the use of ITS regions, that
are considered of superior reliability compared to the random
non-defined primers (Liew et al., 1991), cannot be considered
the best way to construct PCR primers in Phytophthora spe-
cies. In fact, in ITS regions many Phytophthora species have
relatively low sequence diversities (Schubert et al., 1999). How-
ever, because we were interested in developing a rapid diagnos-
tic test for detection of the pathogen, DNA concentrations of
random samples used in our detection assays were not rou-
tinely quantified to provide optimum results. This diagnostic
assay may be used to detect the presence of P. infestans in fields    4            5             6             7     
~524bp 
er with different quantities of genomic DNA of P. infestans. Lane
7 = 1 pg, and M= 100 bp DNA marker.
r PCR diagnostic of late blight of potato caused by Phytophthora infestans using
nces (2015), http://dx.doi.org/10.1016/j.jssas.2015.10.001
1000bp
500bp
100bp
Figure 6 Validation of PITNH2-F/PITNH2-R SCAR marker, detection from artificially infested soil. Lanes 1–5, 6 and 7 = DNA of
soils collected from different fields of potato, O = artificially infested with sporangia, S = artificially infested with oospores, P = positive
control (crushed mycelium), N = negative control (sterile soil), and M= 100 bp DNA marker.
6 T. Hussain et al.considered for planting in near future. Furthermore, this assay
may be valuable for evaluating potato germplasm being
screened for resistance to P. infestans, by greatly reducing
the time required to assay large numbers of individual plants.
The detection system suggested in this paper could be useful to
distinguish P. infestans mycelia from the other oomycetes. The
same protocol with a thrice repeated PCR, when tested in more
naturally infected hosts, could be proposed as a useful diag-
nostic tool to detect the pathogen directly in infected plant tis-
sues, avoiding isolation, purification and culturing of the
mycelium. Moreover, the problems due to morphological
intraspecific variation and overlapping characters that make
an accurate identification of isolates difficult even for special-
ists are overcome and an easy rapid diagnosis can be per-
formed by a single operator in 24 h from the receipt of the
samples. The PCR-based assay described here is fast, reliable,
and easy to conduct in the laboratory. This PCR assay can be
carried out within a day using unknown genomic DNA from
any developmental stages, body parts, or frass. To implement
this technique in other laboratory environments, we tested our
SCAR marker (PITH2F and PITH2R) with three different
PCR machines and with three different Taq polymerases.
The SCAR amplification profile remained the same in all the
systems tested (data not shown). This SCAR marker is robust
tools for detection and identification of late blight of potato
because of their pronounced accuracy, ease of use, and cost
effectiveness. They can be applied for the (1) detection of late
blight in the infected regions (field); (2) diagnostic testing and
routine screening of samples at ports of entry; (3) investigation
to pinpoint their origin(s) in Asia; and (4) determination of ori-
gins from a single or multiple regions. We are currently using
these SCAR markers to develop a user-friendly kit for potato
late blight detection.
5. Conclusion
In summary, an efficient, reliable, and sensitive diagnostic
marker has been developed to detect P. infestans inoculum at
early stage before planting of potato seeds into the field.
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